Introduction {#s1}
============

Light stimulation of the rod and cone photoreceptors elicits signals that are transmitted to the bipolar cells and then to the retinal ganglion cells (RGCs). At present, there are many retinal diseases that are caused by a degeneration of the photoreceptors or the RGCs. Retinitis pigmentosa is an example of the former type of diseases and is caused by a degeneration of the rods followed by the cones. Glaucoma is an example of the second type of diseases that is caused by the death of RGCs. There is no known retinal disease caused by bipolar cell degeneration.

The paraneoplastic retinopathies (PRs) are a group of diseases characterized by a sudden and progressive decrease in the function of the retina. The retinopathies have been shown to be caused by a circulating anti-retinal autoimmune antibody against a protein of a neoplasm \[[@B1]-[@B4]\]. One subtype of the PRs has been reported to be caused by an autoantibody against a protein expressed by retinal ON bipolar cells \[[@B5],[@B6]\]. The symptoms and signs of these patients were a sudden onset night blindness, photophobia, and a decrease of the visual acuity. The electroretinograms (ERGs) elicited by a standard flash stimuli had a selective reduction of the b-waves with normal a-waves. This resulted in a waveform called a negative type ERG which suggested a dysfunction of the ON bipolar cells. Additional ocular examinations including fundus examination showed no distinctive features \[[@B6]\]. Originally these diseases were reported in patients with melanomas, and they were named melanoma-associated retinopathies (MARs) \[[@B7],[@B8]\]. However, it has been reported that neoplasms other than melanomas can cause the bipolar cell dysfunction \[[@B5],[@B9]\].

We and others have recently shown that the transient receptor potential melastatin 1 (TRPM1) was an antigen for the autoantibody against the ON bipolar cells in some patients with PR \[[@B10],[@B11]\]. TRPM1 is a protein associated with the ion-conducting plasma membrane channels that mediates the light responses of ON bipolar cells \[[@B12]-[@B14]\]. Several studies have reported the presence of neural degeneration in the paraneoplastic syndrome including other types of paraneoplatic retinopathies \[[@B4],[@B15]-[@B17]\], but none have shown that the serum of patients with PR can cause a degeneration of the retinal ON bipolar cells.

Thus, the purpose of this study was to determine whether the serum of a PR patient with the TRPM1 antibody will cause a degeneration of ON bipolar cells. To achieve this, we injected serum from a PR patient who had an autoantibody against TRPM1 \[[@B11]\] into the vitreous of mice and evaluated its effects on retinal function and histology. We show serum including autoantibody against TRPM1 caused acute retinal ON bipolar cell degeneration.

Materials and Methods {#s2}
=====================

Animals {#s2.1}
-------

All experimental procedures adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the guidelines for the Use of Animals at the Nagoya University School of Medicine. Nagoya University Animal Experiment Committee approved this project (approval number 24456). Seventy C57BL/6 mice at 7-10 weeks-old-age were used. TRPM1 knock-out mice were kindly given to us by Dr. T. Furukawa of Osaka Bioscience Institute \[[@B14]\].

Human {#s2.2}
-----

The Nagoya University Hospital Ethics Review Board approved this study (approval ID 1131). The procedures used conformed to the tenets of the Declaration of Helsinki of the World Medical Association. A written informed consent was obtained from the patient after he was provided with sufficient information on the procedures to be used.

Sera and intravitreal injections {#s2.3}
--------------------------------

Sera were collected from one PR patient and one visually normal male subject. The patient had lung cancer and the negative type ERG, and his eye phenotype has been described in detail \[[@B11]\]. Mice were anesthetized with ether, and 1 µL of the serum of the patient or control subject was injected intravitreally into C57BL/6 mice. Other C57BL/6 mice had l-2 amino-4-phosphonobutyric acid (APB; Sigma-Aldrich, St. Louis, MO) solution injected into the vitreous. The APB was dissolved in sterile saline, and the intravitreal concentration was estimated to be 1 mM. The injections were made with a glass micropipette with a microinjection apparatus (IM 300 microinjection; Narishige, Tokyo, Japan).

Electroretinograms (ERGs) of mice {#s2.4}
---------------------------------

To evaluate the function of the retina after the intravitreal injection of the sera and APB, five C57BL6 mice were injected with the PR patient's whole serum in one eye and the serum of the control subject in the other eye. ERGs were recorded at 3 hrs, 3 days, 1 month, 3 months, and 6 months after the injection. We also recorded ERGs from 6 mouse eyes 3 hours after the intravitreal injection of APB solution to determine the effect of blocking the ON bipolar cell on the ERGs \[[@B18]\]. The procedures used for the ERG recordings have been described in detail \[[@B19]\]. Scotopic ERGs were elicited by stimulus intensities of -2.6 and 1.0 log cd-s/m^2^ after one hour of dark-adaptation, and the photopic ERGs were elicited by a stimulus intensity of 1.0 log cd-s/m^2^ presented on a rod saturating background of 40 cd/m^2^.

Western blot analyses {#s2.5}
---------------------

The cDNAs for human and mouse TRPM1 were generously provided by Dr. T. Furukawa of the Osaka Bioscience Institute, and Western blots were performed as described \[[@B11]\]. HEK293FT cells (Invitrogen, Carlsbad, CA) were grown and transfected with control plasmids (Flag-GST), mouse TRPM1 (mTRPM1), or human TRPM1 fused to the 3xFlag epitope at the carboxyl terminus (hTRPM1-Flag). The antibodies used included anti-mouse TRPM1 (1:100), anti-Flag (1:1000; Sigma, St Louis, MO), and anti-β-actin (1:5000; Sigma).

Immunohistochemical analyses {#s2.6}
----------------------------

Eyecups from mice were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 1 hour and placed in 30% sucrose in PBS overnight at 4° C. The eyecups were embedded in OCT compound (Tissue-Tek; Sakura Finetek Japan Co. Ltd., Tokyo, Japan), and 12-18 μm thick frozen sections were cut along the radial axis of the eye. After the sections were permeabilized in 0.1% Triton X-100 in PBS for 15 minutes, they were blocked in 4% goat serum in PBS for 30 minutes. They were then incubated with primary antibodies for 1 hour and for another hour in a mixture of secondary antibodies and diamino-2-phenyl-indol (DAPI; Molecular Probes, Life Technologies, Carlsbad, CA). The primary antibody was omitted for the immunostaining of anti-human IgG. Rabbit anti-protein kinase C α subunit (PKCα) (1:500 Sigma-Aldrich; St Louis,MO) and rat anti-F4/80 (1:400; AbD Serotec, Oxford,UK) were used as the primary antibodies. Goat anti-human-IgG-Alexa488, goat anti-rabbit-IgG-Alexa488, and goat anti-rat-IgG-Alexa488 (Molecular Probes; Life Technologies; Carlsbad, CA) were used as the secondary antibodies and were diluted by 1:500 in PBS.

TdT-mediated dUTP-biotin nick-end labeling (TUNEL) staining {#s2.7}
-----------------------------------------------------------

To detect apoptotic cells, the sections were stained with an *in situ* apoptotic cell detection kit (Click it TUNEL Alexa Fluor 488, Invitrogen). TUNEL staining was performed on retinal sections obtained 1 day after the serum injection. The number of TUNEL-positive cells in the INL was counted in three independent images (180 x 240 μm) from one eye and averaged. Three eyes that were injected with the control serum and three eyes injected with the patient's serum were examined. The number of DAPI-positive nuclei in the INL was also counted.

Transmission Electron Microscopic (TEM) Examinations {#s2.8}
----------------------------------------------------

Three eyes from 3 mice injected intravitreally with the serum from the control subject and three eyes with the serum from the patient with PR were enucleated after 5 hours, 3 days, and 3 months. The eyes of two TRPM1 knockout mice of 9-weeks-of-age were obtained at 5 hours after the injection of the patient's serum. All of the eyes were fixed in 2.5% glutaraldehyde in 0.1 M PBS, washed 3 times in PBS, and postfixed for 1 hour in 1% aqueous osmium tetroxide. They were then dehydrated in a graded ethanol series, transferred to QY-1 (Nissin EM, Tokyo, Japan), and embedded in Quetol-812 (Nissin EM, Tokyo, Japan). Semi-thin sections were cut and stained with 0.05% toluidine blue for light microscopy (LM). Ultrathin sections were stained with uranyl acetate and lead citrate and examined with a TEM (H-7600; Hitachi, Tokyo, Japan).

Hematoxylin-eosin (HE) staining {#s2.9}
-------------------------------

Three months after the intravitreal injection of the serum from the control subject into 6 eyes and serum from the PR patient into 6 eyes of C57BL6 mice, the eyes were enucleated and fixed overnight in a mixture of 10% neutral buffered formalin and 2.5% glutaraldehyde. The eyes were transferred to 10% formalin. The tissues were embedded in paraffin, sectioned vertically through the optic nerve so that the superior and inferior halves could be examined. The mounted sections were stained with hematoxylin and eosin (HE). The thickness of the combined inner nuclear layer (INL) and outer plexiform layer (OPL) and outer nuclear layer (ONL) were measured every 400 μm across both the superior (S1-3) and inferior hemispheres (I1-3). We calculated the ratio of the thickness of the INL+OPL/ONL to reduce any artifacts produced during the processing of the tissues.

Photography {#s2.10}
-----------

HE and toluidine blue stained sections were photographed with a Nikon Eclipse TE 2000 microscope or with a Digital sight DS-U1. For the immunohistochemical analyses and TUNEL assays, photographs were taken with a confocal D-Eclipse C1 microscope (Nikon, Tokyo,Japan). Photomicrographs were from the retina near the post pole, and images of immunohistochemical analysis of PKCα were taken from the peripheral to mid peripheral retina.

Statistical analyses {#s2.11}
--------------------

Student\'s *t* tests were used to determine the significance of any differences in the thickness of the retinal layers and evaluation of the ERG amplitudes. A P \<0.05 was considered significant.

Results {#s3}
=======

Reduction of scotopic b-wave and relative preservation of a-wave in ERG induced by itravitreal injection of patient's serum in mice {#s3.1}
-----------------------------------------------------------------------------------------------------------------------------------

Representative Ergs recorded from eyes 3 days after the intravitreal injection of the serum from a control subject and the serum from the PR patient are shown in [Figure 1A](#pone-0081507-g001){ref-type="fig"}. Also shown are the ERGs recorded 3 hours after the intravitreal injection of APB. The ERGs of the eye that received the control serum has a positive b-wave of about 200 μV that was elicited by a dim flash under scotopic conditions(-2.6 log cd-s/m^2^). With a bright flash of 1.0 log cd-s/m^2^, the ERG consisted of a negative a-wave of about 300 μV and a b-wave of about 600 μV under scotopic conditions. Under photopic conditions, the ERG consisted of a small a-wave and a b-wave of about 200 μV. In contrast, the ERGs of the eye that received the patient's serum elicited by a scotopic dim flash was almost extinguished. With a bright flash, the a-wave amplitude was similar to that of the control but the b-wave was markedly reduced. This resulted in a negative type ERG (a-wave\>b-wave). The b-wave amplitudes of the photopic ERGs were also reduced. The ERGs after APB injection had almost the same pattern of ERGs recorded after the patient serum injection.

![Electroretinograms (ERGs) recorded after an intravitreal injection of serum.\
(A) Representative Ergs of mice that received an intravitreal injection of serum from a normal control subject, the serum of a PR patient and APB solution.\
(B) For comparison, ERGs of a control subject and the patient are shown. ERGs were elicited under 3 conditions; scotopic dim flash, scotopic bright flash, and photopic bright flash.\
(C) Representative Ergs recorded 3 days after the injection of the control and patient sera into the vitreous. The ERGs were elicited by 1.0 log cds m^-2^ for the scotopic condition. The a-wave was measured from baseline to first negative trough, and the b-wave was measured from the bottom of a-wave to the peak of the following positive wave as indicated by the arrows.\
(D) Amplitudes of a-wave, b-wave, and b/a ratio recorded at 3 hours, 3 days, 1 month, 3 months, and 6 months after the serum injection are plotted (mean ± SEM ,n=5; \**P*\<0.05 ).](pone.0081507.g001){#pone-0081507-g001}

The ERGs recorded from the PR patient and from a control subject are shown in [Figure 1B](#pone-0081507-g001){ref-type="fig"}. These ERGs were recorded under approximately the same conditions as the ERGs in the mice. The ERGs of the patient resembled very closely the ERGs of the mouse that had received the patient's serum; almost non-recordable b-wave with a dim flash and a negative waveform ERG with a bright flash under scotopic conditions. Under photopic conditions, the ERG of the patient had large wide a-wave and small and delayed b-wave. Although the waveform resembled that of non-human primates intravitreally injected with APB to block the function of ON bipolar cells, the result seemed to oppose to that of the mouse ERGs that were markedly reduced (see discussion) \[[@B20],[@B21]\].

The a-wave was measured from the baseline to the first negative trough and the b-wave was measured from the bottom of the a-wave to the peak of the following positive wave ([Figure 1C](#pone-0081507-g001){ref-type="fig"}).　We followed the ERGs of 5 mice for up to 6 months after the injection of the patient's serum in one eye and the control serum in the other eye. We measured the amplitudes of the a- and b-waves elicited by the scotopic bright flashes (1.0 log cd-s/m^2^). Because the a-waves originate from photoreceptor activity \[[@B22]-[@B24]\], they were used to assess the function of the photoreceptors. In the same way, the b-waves originate from ON bipolar cells, and they were assessed to estimate the function of the ON bipolar cells \[[@B25]\]. We also used the b-/a-wave amplitude ratio of the scotopic bright flash ERGs to assess the functioning of the postsynaptic neurons. A low b-/a-wave ratio would indicate reduced postsynaptic activity relative to that of the photoreceptors.

The mean amplitude of a-wave of the two types of eyes was not significantly different at all time points. However, the amplitude of the b-wave and b-/a-wave ratios were reduced after 3 hours and did not recover for at least 6 months after the injection ([Figure 1D](#pone-0081507-g001){ref-type="fig"}). These results indicated that the function of the ON bipolar cells was depressed within 3 hours after the injection of the patient's serum, and the reduction persisted for at least 6 months.

Autoantibody against TRPM1 in patient's serum {#s3.2}
---------------------------------------------

To confirm that the injected IgG in the patient serum was against TRPM1, we immunostained the retinas obtained 5 hours after the intravitreal injection of the serum with anti-human IgG, a secondary antibody. The immunohistochemical findings of the retina from a mouse that received the control serum, the retina of a mouse that received the patient's serum, and the retina of a TRPM1 knockout mouse that received the patient's serum are shown in [Figures 2A-2C](#pone-0081507-g002){ref-type="fig"}. In the TRPM1 knockout mouse, no reduction of the retinal ON bipolar cell markers including Chx10, Goα, and mGluR6 except TRPM1 was observed and the retinal morphology appeared to be normal \[[@B14]\]. Because some of the IgG in the injected serum was retained in the vitreous and inner limiting membrane (ILM), the ILM were stained in the three types of mice ([Figures 2A-2C](#pone-0081507-g002){ref-type="fig"}). Punctate staining was present in the OPL in the mouse after the injection of the patient's serum ([Figures 2B](#pone-0081507-g002){ref-type="fig"}), but only weak uniform background staining was detected in the other two retinas ([Figures 2A and 2C](#pone-0081507-g002){ref-type="fig"}). The distribution of these punctate staining agreed with the report of immunostaining of TRPM1 on the dendritic tips of the retinal ON bipolar cells \[[@B14]\]. The absence of staining in the TRPM1 knock out mouse strongly suggested that the antibody was against TRPM1 or a protein whose expression was dependent on TRPM1.

![Immunostaining with anti-human IgG antibody of mouse retina obtain 5 hours after intravitreal injection of serum.\
Immunostaining of mouse retina that was injected with control serum (A), with the patient\'s serum (B), and immunostaining of TRPM1 knockout mouse retina with the patient\'s serum (C). Human IgG was stained green. The regions indicated by the white boxes are enlarged below and stained with DAPI in blue (bottom of A, B and C). Fluorescein staining is prominent in the OPL (B). The scale bar is 25 μm in panels (A) to (C).\
(D) Immunoblots of transfected cell lysates using an antibody against Flag tag, antibody against mouse TRPM1, serum from PR patient, and serum from control subject. Arrowheads indicate the TRPM1-Flag protein bands and arrow indicates mouse TRPM1 protein. β-actin (β-act) was used for loading control. Patient serum had autoantibodies against both mouse and human TRPM1. Abbreviations: ILM - inner limiting membrane, RGC - retinal ganglion cells, IPL-inner plexiform layer, INL - inner nuclear layer, OPL - outer plexiform layer, ONL - outer nuclear layer.](pone.0081507.g002){#pone-0081507-g002}

We also performed Western blots to confirm that the patient's serum would recognize both human and mouse TRPM1. We transfected HEK293FT cells with expression plasmids containing control, human TRPM1-Flag (hTRPM1-Flag), or mouse TRPM1 (mTRPM1). Western blot analysis was performed on whole cell extracts, and we confirmed that a hTRPM1-Flag band and a mTRPM1 band were present at about 200 kDa in the cell lysates ([Figure 2D](#pone-0081507-g002){ref-type="fig"}). Next, we performed Western blot analysis on the same lysates using the serum from our patient and a control subject. We detected immunostaining of the same size proteins in both TRPM1-Flag and mTRPM1 with the patient's serum ([Figure 2D](#pone-0081507-g002){ref-type="fig"}; Patient serum). The blots with the control serum did not have a significant band. These results showed that the autoantibody was reactive to both human and mouse TRPM1.

Acute cell death in INL caused by injection of patient serum {#s3.3}
------------------------------------------------------------

Photomicrographs of the retinas of mice injected with the control serum, the patient's serum, and a retina from a TRPM1 knockout mouse injected with the patient's serum are shown in [Figure 3](#pone-0081507-g003){ref-type="fig"}. Retinal sections of eyes obtained 5 hours after the injection of the patient's serum were examined by light microscopy (LM; [Figure 3A-3C](#pone-0081507-g003){ref-type="fig"}) and transmission electron microscopy (TEM; [Figure 3D-3I](#pone-0081507-g003){ref-type="fig"}). The toluidine blue stained retina of the mouse injected with the patient's serum had many densely stained nuclei in the inner nuclear layer (INL) especially on the photoreceptor side ([Figure 3B](#pone-0081507-g003){ref-type="fig"}, arrows). We also examined the INL for any abnormalities by TEM. Low magnification TEM showed densely stained nuclei located on the photoreceptor side of the INL ([Figure 3B](#pone-0081507-g003){ref-type="fig"}). High magnification TEM showed nuclear fragmentation and chromatin condensation in these nuclei ([Figure 3H](#pone-0081507-g003){ref-type="fig"}; asterisk). LM and TEM showed no obvious abnormalities in the INL of the retina of the two other types of retinas ([Figure 3A, 3C](#pone-0081507-g003){ref-type="fig"}, [3D](#pone-0081507-g003){ref-type="fig"}, [3F](#pone-0081507-g003){ref-type="fig"}, [3G](#pone-0081507-g003){ref-type="fig"}, and [3I](#pone-0081507-g003){ref-type="fig"}).

![Light microscope (LM) and transmission electron microscope (TEM) photomicrographs of retinal sections.\
(A- C) LM photomicrographs of toluidine blue stained section obtained 5 hours after an intravitreal serum injection. (D - I) TEM photomicrographs of retinas at the same time point. (J - L) TUNEL (green) with Hoechst staining of retina obtained 1 day after the serum injection. Photomicrographs of retina from wild mouse that had the control serum injection (A, D, G, and J), the PR patient's serum injection (B, E, H, and K) and retina from TRPM1 knockout mouse that had the patient's serum injection. (C, F, I, and L). Photomicrographs of the regions outlined by the white boxes (D, E, and F) are enlarged below in (G, H, and I) respectively. Wild mouse retina after the injection of the patient's serum shows many densely stained nuclei in the INL (B, arrow), and high magnification of TEM shows nuclear fragmentation and chromatin condensation of these cells (H, asterisk). Many TUNEL positive cells can be seen in the INL (K). The scale bar in the left row applies to the other two rows. The scale bar; C = 100 μm, F = 10 μm, I= 2 μm, and L = 10 μm.](pone.0081507.g003){#pone-0081507-g003}

TUNEL staining was performed on retinas obtained 1 day after the serum injection ([Figure 3J-3L](#pone-0081507-g003){ref-type="fig"}). TUNEL-positive cells were detected in the INL where both toluidine blue stain and TEM showed abnormally stained nuclei ([Figure 3 K](#pone-0081507-g003){ref-type="fig"}). The number of TUNEL-positive cells/INL cells was 15.5 ± 8.0/162.7 ± 16.5 (mean ± SD) in the retina injected with the patient's serum. In contrast, the retina of two other groups did not have any TUNEL-positive cells in the INL ([Figure 3J and 3L](#pone-0081507-g003){ref-type="fig"}). Thus, the absence of TUNEL-positive cells in the TRPM1 knockout mice supported the conclusion that the autoantibody against TRPM1 was implicated in cell death.

Loss of bipolar histochemical and structural markers after injection of patient serum {#s3.4}
-------------------------------------------------------------------------------------

To determine the distribution of ON bipolar cells, we performed immunohistochemical analysis using antibody against protein kinase C alpha subunit (PKCα) which is a marker of rod ON bipolar cells \[[@B26]\]. PKCα is located in the cell bodies, the dendrites, and the synaptic terminals of rod ON bipolar cells \[[@B27],[@B28]\]. High magnification photomicrographs showed that the PKC α-positive cell bodies were located mainly on the photoreceptor side of the INL where the condensation of nuclei was found ([Figure 3B](#pone-0081507-g003){ref-type="fig"}). PKCα staining was present in the retina at 5 hours after the patient's serum injection and at 24 hours after control serum injection ([Figure 4A and 4B](#pone-0081507-g004){ref-type="fig"}, arrows). However, PKCα staining was absent in most of the retina excluding the periphery at 24 hours after the injection of patient serum, ([Figure 4C](#pone-0081507-g004){ref-type="fig"}, arrows). These results supported the conclusion that PKCα was down-regulated or the ON bipolar cells had degenerated. Conversely, PKCα staining was found in TRPM1 KO mouse even at 24 hours after the injection of the patient's serum ([Figure 4D](#pone-0081507-g004){ref-type="fig"}, asterisk). These results indicated that PKCα staining was absent because of the interaction between the patient's sera and TRPM1 protein. We evaluated 3 retinas from each time point and obtained the same results.

![Distribution of ON bipolar cell marker (PKCα) in the retina after serum injection.\
Wild type mouse retina 24 hours after control serum injection (A) and wild type mouse retina 5 hours (B) and 24 hours (C) after intravitreal injection with the patient's serum. Retina from TRPM1 knockout mouse 24 hours after intravitreal injection with the patient's serum.(D) Mouse retinas were stained with anti PKCα antibody (green) and co-stained with DAPI (blue) in the high magnification micrographs (A-C, right). Photomicrographs of the regions outlined by the white boxes are enlarged either to the right or the below the original images. The peripheral retina is oriented to the left and the central retina to the right. PKCα staining can be seen in the entire retina at both 5 hours after the patient serum injection and 24 hours after control serum injection (A and B, arrows). But the PKCα staining is mainly absent 24 hours after the injection of the patient's serum (C, asterisk) and remained in only the peripheral retina (C, arrows). PKCα staining can be seen 24 hours after the injection of the patient's serum in TRPM1 knockout mouse retina (D arrows). High magnification micrograph showed that the PKC α positive cell bodies were located mainly on the photoreceptor side of the INL. The scale bars are: 60 µm for A left, B left, C upper left and D left; 20 µm for A, B, C and D right; 30 μm for C lower left.](pone.0081507.g004){#pone-0081507-g004}

We then examined the ultrastructure of the OPL and especially the synapses between the photoreceptors and ON bipolar cells. Dendrites of the retinal ON bipolar cells reached the ribbon synapses of photoreceptors. We focused on the abnormalities of the dendrites of retinal rod ON bipolar cells. Photomicrographs of the OPL of a mouse 5 hours after the injection of the control serum or patient's serum are shown in [Figures 5A and 5B](#pone-0081507-g005){ref-type="fig"}, respectively. In the retina of the mouse that received the control serum, the photoreceptor synaptic ribbons were surrounded by the dendrites of two horizontal cells and that of one invaginated rod ON bipolar cell ([Figure 5A](#pone-0081507-g005){ref-type="fig"} insertion) \[[@B29]\]. In the retina that received the patient's serum, the invaginated rod ON bipolar cell dendritic terminal that extend to the ribbon synapse was darkly stained ([Figure 5B](#pone-0081507-g005){ref-type="fig"}, arrowhead). The structures in the retinal rod ON bipolar cells were darkly stained but horizontal cell were not affected ([Figure 5B](#pone-0081507-g005){ref-type="fig"} insertion). These observations suggested a degeneration of dendrites \[[@B30],[@B31]\]. Other parts of the retina, the retinal pigment epithelium (RPE), photoreceptor outer and inner segments, ONL, and RGCs, appeared not to be affected by the patient's serum ([Figure 5C-5E](#pone-0081507-g005){ref-type="fig"}).

![Ultrastructure of other parts of the retina 5 hours after serum injection.\
(A ,B) Photomicrographs of synaptic terminals between photoreceptors and rod ON bipolar cells are shown. Wild mouse retina injected intravitreally with control serum (A) or with patient\'s serum (B). The arrows point to the photoreceptor synaptic ribbons. The photoreceptor synaptic ribbons are surrounded by dendrites of two horizontal cells and one invaginating rod ON bipolar cell (4A,insertion). After the injection of the patient's serum, invaginated rod ON bipolar cell dendritic terminals that extended to ribbon synapses were darkly stained (B, asterisk and insertion). (C, D, and E) After the patient's serum injection (lower), the retinal ganglion cells (RGCs), ONL, inner segments of photoreceptors(IS), outer segments of photoreceptors (OS), and retinal pigment epithelium (RPE) showed no abnormalities compared with the retina treated with control serum (upper). The scale bar; A and B = 500 nm; C and E = 2 μm; D = 10 μm. Abbreviations: H - horizontal cell, B - ON bipolar cells.](pone.0081507.g005){#pone-0081507-g005}

Macrophages in INL three days after patient serum injection {#s3.5}
-----------------------------------------------------------

Toluidine blue stained retinal sections obtained 3 days after the injection of control serum and patient's serum are shown in [Figures 6A and 6B](#pone-0081507-g006){ref-type="fig"}, respectively. Nuclear condensation was observed 5 hours after the patient serum injection ([Figure 3 B](#pone-0081507-g003){ref-type="fig"}) but none was present 3 days after the injection ([Figure 6B](#pone-0081507-g006){ref-type="fig"}). When the INL was examined by TEM, macrophages were found surrounding the apoptotic cells ([Figure 6C](#pone-0081507-g006){ref-type="fig"}). F4/80-positive macrophages were detected ([Figure 6E](#pone-0081507-g006){ref-type="fig"}) in the layer in which TUNEL-positive cells were detected in [Figure 3K](#pone-0081507-g003){ref-type="fig"}. But the number of F4/80-positive cells was low, and we were able to detect only 1 to 2 cells/field (180 x 240 μm) in the immunohistochemical examinations. These results suggested that macrophages and/or other phagocytic cells had probably cleared the apoptotic cells detected in [Figure 3B](#pone-0081507-g003){ref-type="fig"}.

![Macrophages are present in the INL 3 days after PR patient's serum was injected.\
Toluidine blue staining (A and B) and TEM micrographs (C) are of a retina 3 days after the intravitreous injection of the sera. F4/80 immunostaining (green) was co-stained with DAPI (D and E). Wild mouse retina after injection of control serum (A and D) and patient\'s serum (B, C, and E) are shown. (B) No obvious abnormality can be seen after the patient's serum injection. (C) TEM shows nucleus of macrophage and engulfing the apoptotic cells (N indicates the nucleus of a macrophage, asterisk indicates debris of engulfed apoptotic cells). F4/80 (green) positive cell can be seen in the INL (E). The scale bars; (A) and (B) = 100 μm; (C) = 500 nm; (D) and (E) = 20 μm.](pone.0081507.g006){#pone-0081507-g006}

Progressive loss of bipolar cells detected 3 months after patient serum injection {#s3.6}
---------------------------------------------------------------------------------

The HE stained retinas obtained 3 months after the patient's serum had neither nuclear condensation which was observed 5 hours after injection in INL nor distortion of retinal layers including ONL, INL and RGC compared to the retina after control serum injection ([Figure 7A](#pone-0081507-g007){ref-type="fig"}). We suggest that this was because of the phagocytosis of the apoptotic cells in the INL ([Figure 6](#pone-0081507-g006){ref-type="fig"}). To confirm this, we measured the thickness of INL and the OPL of the two groups of mice; the INL is where the ON bipolar cell bodies are located and the OPL where the dendrites are located. Because the OPL was too thin to measure, we evaluated the INL+OPL. We also measured the thickness of the ONL as shown in [Figure 7A](#pone-0081507-g007){ref-type="fig"}. The location 400μm , 800μm and 1200 superior to the optic disc were defined as S-3,S-2, and S-1 respectively, and the location 400μm , 800μm and 1200 inferior to the optic disc were defined I-3,I-2, and I-1 respectively. The combined INL+OPL in the mice injected with the patient's serum was significantly thinner than that in mice injected control serum at S-2, I-2, and I-1. However, the thickness of the ONL was not significantly different between the two groups at any measured points. To avoid the effects of cutting biases, i.e., not sectioning in the vertical plane, we also checked the ratio of INL+OPL/ONL. The ratios of INL+OPL/ONL were significantly different between the two groups at all sites except I-3. These results supported the conclusion that ON bipolar cells were lost.

![Retina obtained 3 months after the serum injection.\
(A) HE staining of retina from a mouse that received an intravitreal injection of control or patient\'s serum 3 months earlier. The thickness of the different layers was measured every 400 μm across both the superior (S1-3) and inferior hemispheres (I1-3) as shown in the low magnification micrograph on the left. Two locations of the retinas are shown (right side of A). The measurement points of the INL+OPL and the ONL are shown by the arrows. The thickness of the INL+OPL, the ONL, and the ratio of INL+OPL/ ONL are shown in (B) (n = 6). The data are the means ± SDs. (\**P* \<0.05 and \*\**P* \<0.01). .\
Distribution of ON bipolar cell marker (PKCα) in the retina 3 months after the injection of serum from a control subject or from the PR patient (C). Photomicrographs of the regions outlined by the white boxes are enlarged to the right. PKCα staining can be seen in the entire retina after the serum from the control subject (C upper, arrows). But PKC staining was mostly absent 3 months after the injection of the patient's serum (C lower, asterisk) and remained only in the peripheral retina (C lower, arrows). (D) Ultrastructure of OPL 3 months after serum injection. The retina of the mouse that received an intravitreal injection of the control serum (left) and the patient\'s serum (right) are shown. Some of neuropils in the OPL were absent (D right, asterisk) and some debris (D left, arrows) can be seen in the retina after the injection of the patient's serum. The scale bar; A, left = 150 μm; A, right = 20 μm; C, left = 60 μm; C, right = 15 μm; D = 2 μm.](pone.0081507.g007){#pone-0081507-g007}

We also examined the distribution of ON bipolar cells 3 months after the injection of the serum ([Figure 7C](#pone-0081507-g007){ref-type="fig"}). PKCα-positive staining was found over the entire retina 3 months after the control serum injection ([Figure 7C](#pone-0081507-g007){ref-type="fig"} upper, arrows). On the other hand, PKCα-positive staining was observed only in the peripheral retina ([Figure 7C](#pone-0081507-g007){ref-type="fig"} lower, arrows). These results are similar to those at 24 h after the injection and indicated that the ON bipolar cells degenerated soon after the patient serum injection, and they did not regenerate.

We also examined the OPL by TEM ([Figure 7D](#pone-0081507-g007){ref-type="fig"}). The neuropil of the OPL was less dense compared to that of the retina that received control serum ([Figure 7D](#pone-0081507-g007){ref-type="fig"} right, asterisk). Some cellular debris was found in the OPL of the patient's serum injected retina ([Figure 7D](#pone-0081507-g007){ref-type="fig"} right, arrows).

Discussion {#s4}
==========

Comparisons with clinical findings in paraneoplastic retinopathy {#s4.1}
----------------------------------------------------------------

Our results showed that the intravitreal injection of serum containing an autoantibody against TRPM1 caused ON bipolar cell degeneration within 5 hours. Because the antigen for the autoantibody against ON bipolar cells has not been identified until recently, the mechanism of the ON bipolar cell dysfunction in patients with PR was not known. Two LM histopathological studies of postmortem retinas of MAR patients had conflicting results; one reported no anatomic abnormalities throughout the retina \[[@B6]\] and the other reported a marked reduction in the number of nuclei in the INL \[[@B32]\]. Even if the ON bipolar cells of PR patients degenerate as they did in our mouse model, we believe that it would be difficult to detect the changes by light microscopy because the cellular organization of retina obtained 3 months after the serum injections appeared almost normal by light microscopy ([Figure 7A](#pone-0081507-g007){ref-type="fig"}). However, we did find that the thickness of the combined INL+OPL of the mouse retina treated with the patient's serum was thinner than that of control ([Figure 7B](#pone-0081507-g007){ref-type="fig"}). Because the difference was slight, it would have been difficult to draw a conclusion from one MAR patient because the thickness of human retina is variable.

Lei and colleagues reported that an intravitreal injection of purified IgG from a MAR patient into monkey eyes led to a reduction in the amplitude of the photopic ERG b-waves \[[@B33]\]. They also reported that the reduction of the b-wave was transient, and the b-wave recovered 3 months after the IgG injection. They also reported injection of the MAR serum into rodent eyes (rat and guinea pig) had no effect on the ERG. We cannot explain the difference from our findings but we suggest that the mechanism for the ON bipolar cell dysfunction is probably different from that of our mice because our results showed a permanent damage. This discrepancy may also be because of the difference in the species examined, concentration of the antibody, relative size of the eye, and injected volume. Another more likely possibility was that the antigen of the IgG was not TRPM1. An antibody against TRPM1 was found in only about 10% of MAR patients in one study \[[@B11]\], and in 2 of 3 MAR patients in another study \[[@B10]\]. These reports indicated that there may be other antigens that can cause MAR in some patients.

There is a report that the signs and symptoms improve in some MAR patients after therapy \[[@B6]\] and other antigens of IgG may have induced the transient ON bipolar dysfunction in these patients. We suggest that an autoantibody against TRPM1 may not apply to all the cases with this syndrome \[[@B6]\].

ERGs of patient and serum-injected mice {#s4.2}
---------------------------------------

The ERGs recorded after APB-injected mice resembled those of mice after the injection of the PR patient's serum; under scotopic and photopic condition, the ERG b-waves were markedly reduced and the amplitude of scotopic a-wave was almost normal. Because it is known that APB blocks ON bipolar cell activity, these results suggested a dysfunction of the ON bipolar cells after the patient's serum injection.

Another retinal disease with ON bipolar cell dysfunction is the complete type of congenital stationary night blindness (cCSNB). The ERGs recorded from patients with cCSNB are similar to those recorded from patients with PR, viz., a marked reduction of the b-wave under scotopic conditions and preserved b-wave under photopic conditions. cCSNB is caused by mutations in the genes that mediate the transduction cascade of the ON bipolar cells, and the symptoms and retinal changes do not change throughout life \[[@B34]-[@B37]\]. Mouse models for cCSNB do not have obvious changes in the retinal cellular organization but there is a functional loss of ON bipolar cells. The waveforms of the mouse ERGs in the eyes that received the patient's serum resembled those of the mouse model of cCSNB \[[@B25],[@B38]\]. Under photopic conditions, there is a difference in the shape of the ERGs between human and mice that have ON bipolar cell dysfunction. This difference was most likely present because the mouse photopic b-waves originate mainly from ON bipolar cells but the human photopic b-waves originate from both the ON and OFF bipolar cells \[[@B39]\]. Thus, the positive OFF response remains even after the loss of the ON bipolar cell response. The shared features of the ERGs between the patients and the mice injected with the patient's serum suggest that the two species also share the pathomechanism of the ON bipolar cell dysfunction. But we have to consider the differences in the immune responses between humans and mice because the mouse retina injected with human IgG and the patient retina affected by human IgG may respond differently.

Apoptotic cells in inner nuclear layer {#s4.3}
--------------------------------------

The most interesting finding of this study was that the serum-containing autoantibody killed the ON bipolar cells very quickly. Our results showed that some of the inner nuclear cells were degenerated as early as 5 hours after the intravitreal injection of the patient's serum ([Figure 3](#pone-0081507-g003){ref-type="fig"}), and apoptotic cell death was detected by TUNEL staining at 1 day postinjection. Electon microscopy ([Figure 3E and H](#pone-0081507-g003){ref-type="fig"}) showed nuclear condensation which indicated apoptosis of these cells. Because there are many different types of cells in the INL, e.g., ON bipolar cells, OFF bipolar cells, Mueller cells, horizontal cells, and amacrine cells, it was difficult to determine which type was the apoptotic cell. We were not able to show that the TUNEL positive cells were the retinal ON bipolar cells by double labeling with ON bipolar cell maker (PKCα) because the ON bipolar cells had already disappeared (see [Figure 4](#pone-0081507-g004){ref-type="fig"}) by 1 day postinjection. In addition, 5 hours was too early to detect TUNEL positive cells. However, we found that the apoptotic cells were located on the photoreceptor side of the INL which is where the ON bipolar cell nuclei are located ([Figure 4](#pone-0081507-g004){ref-type="fig"}) \[[@B27],[@B40]\]. In addition, the dendritic tips that invaginated into the photoreceptor synapses were the ones that were darkly stained. Because this is the location of the ON bipolar cell dendritic tips, our findings indicated that the ON bipolar cells were degenerated ([Figure 4](#pone-0081507-g004){ref-type="fig"}). Thus, we conclude that the apoptotic cells in the INL were ON bipolar cells, and the negative waveform of the ERGs and extinguished ON bipolar cell marker supported this.

Removal of degenerated ON bipolar cells {#s4.4}
---------------------------------------

Macrophages were found surrounding the apoptotic cells in the INL ([Figure 5C](#pone-0081507-g005){ref-type="fig"}). In a mouse model of retinal detachment, the degenerated photoreceptors were removed by macrophages \[[@B41]\]. In our model, the degenerated bipolar cells were probably also removed in the same way. After the clearance of the apoptotic bipolar cells, the retinal architecture appeared to be well organized except for a thinning of the INL+OPL. Because the ERGs did not recover even at 6 months after the injection of the serum and most of the rod ON bipolar cell maker (PKCα) was absent at 3 months after injection, the rod ON bipolar cells most likely did not regenerate. Thus, we conclude that the reduction of the b-wave was due to the loss of ON-bipolar cell, and the change is permanent.

Comparisons of eye manifestations in patients and mice {#s4.5}
------------------------------------------------------

Patients with PR present with acute night blindness, and our results in mice suggest that the acute apoptosis of the ON bipolar cells may have been the cause of the symptom and signs of PR patients. Optical coherence tomography (OCT) showed that the morphology of the patient's retina was normal \[[@B11]\]. These OCT data indicate that the alterations in the morphology of the patient's retina might be very slight as we showed in the light microscopic images of the retina with almost normal appearances 3 months after the patient serum injection ([Figure 7A](#pone-0081507-g007){ref-type="fig"}).

Our PR patient had chemotherapy and now is in complete remission but his symptoms and ERG changes have not recovered. Our morphological data suggest degenerated ON bipolar cells did not regenerate. In patients, fluorescein angiography showed that PR patients have leakage from the retinal blood vessels \[[@B11]\], and it is likely that the autoantibodies leaked out to reach the ON bipolar cells. Thus, we suggest that antibodies directly affected the TRPM1 channels of the ON bipolar cell in both the patient and mice.

The reason we were able to detect ON bipolar cell dysfunction in mice similar to that in PR patients may be because TRPM1 is a membrane protein and the autoantibody easily recognizes the antigen. We believe that our animal model system will be useful for analyzing the mechanism of PR, especially in the cases antigens that are membrane proteins.

Our study has some limitations. We used the serum of just one PR patient, however only six PR patients who have the TRPM1 autoantibody have been reported worldwide. Thus, it would be interesting to investigate the effect of other autoantibodies found in these PR patients.

Conclusions {#s5}
===========

Our results show that an intravitreal injection of the serum of a patient with PR into the vitreous of mice led to alterations of the ERG that resembled those of the patient with PR. Histological analysis showed that the ON bipolar cells die by apoptosis. As best as we can determine, there has been no previous report of a specific degeneration of retinal ON bipolar cells in hereditary or acquired retinal diseases.
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